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Physician, Kettering and Northampton General Hospitals THE story of motor neurone disease goes back more than a hundred years, to the latter half of the igth century, and the days of the great clinical neurologists of France. Of the many famous names linked to this story three are pre-eminent: Charcot-physician and neuropathologist, and great teacher, who became even more renowned for his studies of hysteria (Fig. i) ; Duchenne, the one from Boulogne, who came from a family of fishermen and seafarers (Fig. 2) ; and Dejerine, great clinical neurologist, and pioneer in the study of localization of function in the brain (Fig. 3) .
Progressive degenerative lesions affecting both upper and lower motor neurones of the spinal cord and brain stem were described as separate diseases, distinct one from another, under the titles of progressive muscular atrophy, a spinal disease of lower motor neurones (Aran, I850; Duchenne, I858) ; progressive bulbar palsy, a disease of bulbar lower motor neurones (Wachsmuth, I864); and amyotrophic lateral sclerosis (Charcot and Jqffroy, I869), a disease of both lower and upper motor neurones. Progressive ophthalmoplegia (Hutchinson, Gowers, I879; Brissaud, I895) was formerly considered to be a nuclear disease analogous to the cases of progressive bulbar palsy originally described by Duchenne (i858) as 'primary labio-glosso-laryngeal paralysis'. The nuclear origin of progressive bulbar palsy was demonstrated by Charcot, and the association with amyotrophic lateral sclerosis by Dejerine (I883) .
Chronic poliomyelitis, nuclear amyotrophy and progressive spinal muscular atrophy are other synonyms which have been used to describe the diseases now grouped by many authorities under the name of motor neurone disease. The Werdnig-Hoffmann paralysis of infantile progressive spinal muscular atrophy is usually added to this grouping, the original cases being described in I89I and I893. The unity of these several conditions has been criticized by Wilson (1954) , who considers the term motor neurone disease 'etiologically vague and pathologically unspecific'. The clinical picture and progress of these diseases often remain distinct throughout life, and there is a tendency for this clarity of outline to become blurred by nosological fusion into a single disease entity. Despite the probable pathological unity there is much to be said for retaining within the overall heading of motor neurone disease, the original individual names for diseases which have many clinical differences and differing prognoses.
General AEtiology
Though cases of motor neurone disease may occur in childhood and adolescence (van Bogaert, 1925) , it is a disease mainly of early middle life, from about the age of 30 to 50 years. Cases of bulbar palsy occur twice as commonly in women as in men, but progressive muscular atrophy and Charcot's disease affect men far more often than women, in the proportion 2 to i and 3 or 4 to I respectively. Occasional familial cases are reported (Osler, i88o; Hammond, I88I; Holmes, 1905) , but are uncommon in western countries. On the island of Guam, and others of the Marianas Islands in the Pacific, Koerner (I952) , Arnold, Edgren and Palladino (I953), Kurland and Mulder (1954, 1955) and Kurland (I957) have reported a remarkable incidence of the disease, with a frequency ioo times more than normal, I% of the adults being affected and io% of all deaths being due to motor neurone disease. Familial cases here, with a high incidence in young people, are very common. These reports have brought into prominence possible racial and heredo-familial factors, which were previously considered unrelated in this disease.
Cases occurring after acute poliomyelitis, and at varying times after syringomyelia and epidemic encephalitis, have been frequently reported (Carr, 1926; Ornsteen, 1930; Greenfield and Matthews, 1954) . The possibility of a deficiency factor has been pointed out by Ask-Upmark and Meurling (1955) . Neurosyphilis and lead poisoning occasionally produce spastic paralysis and wasting, which may imitate motor neurone disease, but distinguishing features can usually be found. Fatigue and trauma (Jelliffe, 1935) , whether from direct injury or concussion (Alpers and Farmer, I949), or past injection therapy, seem to have a bearing in precipitating the onset of motor neurone disease at a particular site, e.g. injections into the buttocks or upper arms in lumbar and shouldergirdle types of progressive muscular atrophy respectively. In most cases preceding incidents are probably coincidental, occurring by chance only, the majority of cases occurring idiopathically and belonging to the class of 'primary endogenous systematized degeneration' (Wilson, 1954 Wilson) ,' involving interosseous and lumbrical, thenar and hypothenar muscles, with progression proximally to the forearm and later the upper arm muscles. Not infrequently weakness and wasting start first in the muscles of the shoulder girdle (Vulpian-Bernhardt's proximal type)-the supraspinati, infraspinati and latissimus dorsi being affected-with extension to deltoid and pectoral muscles later. The presence of fasciculation distinguishes this variety from the proximal myopathies. The brachio-radialis muscles, the upper third of the trapezii, and the sterno-mastoid muscles often remain unaffected until the later stages of the disease. This proximal or scapulohumeral type often pursues a relatively mild course (Swank and Putnam, 1943) .
A pelvic girdle onset is also not uncommon, with extension both to the lumbar muscles and muscles of the thighs. Wasting of gluteus medius and minimus muscles produces characteristic hollowing of the outer portions of the buttocks, with resulting prominence of the greater trochanters; atrophy of the erector spinx muscles emphasizes the vertebral spines and the diamondshaped outline of the sacrum. Wasting of the quadriceps muscles brings out the anatomical features of individual muscles, with the long strap of the sartorius muscle standing out strongly on knee flexion and emphasizing also the hollowing above the patella from the wasted vastus medialis portions of the quadriceps muscles. Both gait and posture are affected early in this variety, the patients adopting an unsteady forward-bending Rarely, onset with peripheral leg wasting imitates peroneal muscular atrophy. Lack of symmetry of wasting is found only in the early stages of the disease, but for a time a hemiplegic picture may be found. A generalized tetraplegic variety, purely atrophic, affecting all four limbs with spread later to the trunk and bulbar.muscles, is perhaps more common than is realized. Occasionally, this tetraplegic variety is associated with severe limb pains imitating a polyneuritis, but with preservation of reflexes until a late stage.
In clinically pure cases of progressive muscular atrophy, weakness and severe lack of tone with flaccidity of muscle groups, and progressive reduction of reflexes are usual, especially where muscle wasting is severe. Tonic wasting with active reflexes suggests the later development of Charcot's disease. All varieties show active fat atrophy as well, and this sometimes appears to precede the muscle wasting. In the later stages of atrophy, whether regional or generalized, the muscles of respiration become involved, with wasting and weakness of intercostal muscles and diaphragm, and of the oblique abdominal muscles.
The recti abdominis muscles seem rarely to be affected. Muscle wasting and weakness are invariably accompanied by fasciculat on-the spontaneous flicker of groups of muscle fibres supplied by a degenerating motor unit-muscle twitching which can be demonstrated or increased by preliminary limb contraction against mild resistance. Fasciculation undoubtedly increases after exertion, and despite some statements to the contrary (Wechsler, 1958) seems to be more frequent and generalized in rapidly progressive cases, and has therefore definite prognostic as well as diagnostic value.
Atrophic spread to the bulbar muscles is common and occurs in up to 5o% of cases clinically (Swank and Putnam, I943 is lost, and slurred speech gives way to unintelligible noises. The voice becomes' monotoned' or monotonous, swallowing becomes increasingly difficult, and inhalation of food and nasal regurgitation are further symptoms which develop later as the dysphagia becomes more severe (Wilson, 1954) . The progression of primary atrophic bulbar cases is rapid and death is usual within a year of onset. Secondary cases may deteriorate rather more slowly over a period of two to three years. Involvement of the upper brain stem with resulting nuclear ophthalmoplegia is rare. Here ptosis and gradual paralysis of external ocular muscles may complicate bulbar palsy, or very rarely be a primary manifestation of the disease. Progressive ophthalmoplegia has been reported ir younger cases with a distinct familial incidence. Most of these, however, are now considered to be of myopathic origin (Kiloh and Nevin, 195I Wechsler, Sapirstein and Stein, I944) . Perhaps most commonly a combined upper and lower motor neurone bulbar. lesion is found, with dysphagia and dysarthria of both spastic and atrophic type. Ocular involvement of spastic type is difficult to assess, for even the atrophic variety of nuclear ophthalmoplegia is now felt, as previously noted, to be allied to the familial muscular dystrophies. Ptosis, enophthalmos, and small pupils of oculo-sympathetic Horner's paralysis have been reported (Wechsler, 1958) from spread of the degeneration to the lateral horns of grey matter in the thoracic cord, involving sympathetic ganglion cells there, but must be very rare.
Objective sensory changes are uncommon, but have been reported (Wechsler, Brock and Weil, I929; Davison and Wechler, 1936; Friedman and Freedman, I950; Lawyer and Netsky, 1953) .
Early, severe and long-persisting cramp-like pains in the muscles of the back and shoulders, as well as of buttocks and legs, are however not uncommon, and transitory neuritic 'lightning' pains also occur as in pure progressive muscular atrophy. Both are often reported by patients as due to 'rheumatism'. They can be very disabling in themselves. Numbness and 'pins and needles' in the feet and fingers are also complained of in the earlier stages of the disease. The hands and feet of atrophied spastic limbs are often cold and cyanotic. Involvement of sphincters is very rare and late in appearance, and presents with either retention or incontinence. Rarely also urgency of micturition occurs, and in cases showing fasciculation suggests pyramidal tract involvement (Swank and Putnam, 1943) . Impotence may develop. Mental changes occur, but are rare (Davison and Wechsler, 1936) .
The syndrome of Jakob (1923), with the unsatisfactory title of 'spastic pseudosclerosis', described also by Creutzfeldt (1920) and later by Davison (I932), Worster-Drought, Hill and McMenemey (I933) and others, shows a clinical picture of muscular atrophy with fasciculation and spastic paralysis of either bulbar or spinal type, giving rise to dysarthria and weak stiff limbs. Extrapyramidal symptoms of tremor, Parkinsonian rigidity and poverty of movement, and mental symptoms with gradual loss of intellect, progressing to dementia, are also found. The presence or development of these latter features distinguish this special syndrome from the accepted grouping of motor neurone disease, and justify separation from it.
Illustrative Case Record of Jakob-Creutzfeldt Disease 0. D., female, aged 54 years. She first attended on 15.I2.6i with a history of increasing forgetfulness for the previous 12 months, dragging of the feet for about nine months, and progressive weakness of all her limbs for the last six months. On examination she showed severe dysarthria, increased jaw jerk, and severe spastic weakness of all limbs, with mild wasting of the forearms and hands without sensory loss. No fasciculation of muscle. B.P. I45/80 mm. Hg. X-rays of skull and spine normal. CSF normal. EEG abnormal, with bilateral theta activity in occipital areas supporting clinical diagnosis of basilar artery insufficiency. On 9.3.62 air encephalograms at Churchill Hospital, Oxford, showed widespread atrophy of cerebrum, midbrain and cerebellum. Dr. Spalding considered that despite a speech 'resembling that characteristically heard in severe motor neurone disease', the above findings and mild dementia indicated a diagnosis of JakobCreutzfeldt disease.
In the following summarized case reports a diagnosis of motor neurone disease has been made on clinical grounds, supported by routine X-rays and CSF examinations, with EMG records in several cases, but without autopsy confirmation. These patients usually die at home, where consent for post-mortem examination is either not obtained or not given.
Case No. i.-W. A., male, aged 52 years. Symptoms were present for six months before he was first seen on I7.1.58. Weight I3 st. 8 lb. He complained of pains in the limbs at night, with flushing of feet and twitching of legs. On examination he showed auricular fibrillation, B.P. 130/90 mm. Hg, no neurological signs, haemoglobin I09%, ESR 3 mm./hr. X-ray of chest normal. On 25.4.58, with a weight of ii st. io lb., anxiety state was present, and possibly fasciculation of leg muscles. By 23.7.58 he complained of weakness of the legs and showed generalized fasciculation of muscles of the legs, arms and shoulders, increased after exercise. There was partial left foot drop, and both arms were weak. CSF-protein 70 mg./ioo ml., globulin negative, no cells. On I8.8.58 wasting of small muscles of both hands and of quadriceps muscles was noted. Seen by Dr. Ritchie Russell on 8.9.58, who confirmed diagnosis of MND. Eleven months later, on 30.7.59, there was marked wasting of trapezii, pectorals, forearm and interossei muscles, and of thigh and leg muscles. Bilateral foot drop and wrist drop were present, with generalized fasciculation. Knee and ankle reflexes absent and plantars flexor. He died several days later. Post-mortem examination not obtained.
Diagnosis: Progressive muscular atrophy.
Case No. 2.-J. B., male, aged 69 years. He attended on i8.io.6I complaining that I8 months previously he had noticed 'flopping' of the left foot. A limp gradually developed, and later weakness of the left leg and left arm. On examination there was weakness of dorsiflexion of the left foot, wasting and weakness of both quadriceps muscles, especially of the vastus medialis portions, with prominent fasciculation. Reflexes were normal, but the right plantar response was extensor. Wasting and weakness of all shoulder girdle muscles, including deltoid and pectoral muscle groups, with gross fasciculation, was also noted. Heart and lungs normal. Seen again on 5.3.62 he showed severe weakness of arms and shoulder girdle muscles; walking was difficult.
Diagnosis: Amyotrophic lateral sclerosis.
Here the rapid progress of the disease over a period of two years, with positive Babinski response, despite normal reflexes and absence of spasticity, indicate the more serious diagnosis of amyotrophic lateral sclerosis. The family doctor has since noted that this patient saw an E.N.T. specialist two years ago because of an unexplained difficulty in swallowing, which later seemed to clear. This suggests mild bulbar palsy at the onset of the disease, which is uncommon. (Wilson, 1954) .
In the cerebral hemispheres the agranular cortex of the frontal and precentral areas often shows some atrophy, most marked in the 3rd and 5th cortical layers, the latter containing the large pyramidal Betz it is seen that muscle wasting, spasticity of muscle and varieties of bulbar palsy are preeminent in the clinical picture. Muscle wasting, localized to a particular group of muscles, may usher in any one of the three varieties of motor neurone disease. In progressive muscular atrophy, as has been seen, this wasting may affect any muscle grouping, but especially may it be noticed first in the small muscles of the hands, the shoulder or pelvic girdles, the bulbar muscles, or uncommonly the leg muscles.
In the differential diagnosis of these many ways of presentation, it is immediately apparent that a detailed knowledge of applied anatomy of the nervous system is required. In the earliest stages, before the pattern of wasting has fully developed, clear-cut diagnosis may be difficult. Especially is this so in wasting confined to the small muscles of the hands, where recognition of individual lesions of ulnar and median nerves, with their characteristic wasting and sensory loss, is vital in excluding them from general spinal cord diseases. Similar diagnostic difficulties may arise in wasting of lower limb muscles, though here not so much in wasting of the small muscles of the feet as of the leg and thigh muscles.
Acute lesions of the cervical spinal cord include poliomyelitis, which occurs usually before middle age, is rapid in onset, non-progressive, and causes asymmetrical paralysis of large as well as small muscle groups. In cervical cord compression from tumours, or as a result of osteophytosis or severe disc lesions, cerebro-spinal fluid changes may be found. Root pains are common in syphilitic meningo-myelitis, and with this and cervical rib pressure, and in syringomyelia, objective sensory changes are found. Cervical rib compression of the inner cord of the brachial plexus causes muscle wasting, limited to partial rather than whole muscle atrophy, corresponding to C.8 and Th.i segmental areas. Th. i lesions may be accompanied by cervical sympathetic paralysis irrespective of the underlying disease. Segmental wasting from localized degenerative anterior horn cell changes may follow motor neuritis from injections of various kinds, often involving shoulder or pelvic girdle muscles. With the residual, often symmetrical, wasting of peripheral neuritis objective sensory changes are also found.
Carcinomatous neuropathies may cause peripheral sensory and motor lesions, which require recognition (Denny-Brown, I948), and may be illustrated by the following two cases, which were considered originally to be cases of motor neurone disease. In both these cases the possibility of carcinoma arising coincidentally in patients with progressive muscular atrophy might be considered, but the time of onset and progress of the two diseases suggest an etiological relationship in each case.
Chronic lead poisoning can present a neurological picture not unlike that of motor neurone disease of both atrophic and combined amyotrophic-spastic varieties-with small muscle wasting, fasciculation, and sometimes increased reflexes and spasticity. The general clinical features of lead poisoning and the occupational history serve to indicate the atiology.
Distinct from diabetic polyneuritis of sensory type, with pain, loss of tendon reflexes, ataxia, sensory loss and trophic changes in the feet, a syndrome of diabetic amyotrophy has been reported on several occasions during the past ten years. Pain, with weakness and wasting in the limb muscles and sometimes in the pelvic and shoulder girdle muscles, occurs over a period of several months. Depression of reflexes is usual, and objective sensory loss is not found. Fasciculation has been reported. The syndrome appears to be completely reversible (Garland, I957) and may not be entirely related to good diabetic control.
Wasting occurring in the familial muscular dystrophies is usually proximal in its distribution, but the rare distal type of muscular dystrophy of Gowers and the later age-group type of Nevin, may both resemble progessive muscular atrophy diagnosis. Muscle fasciculation is, however, never found in the myopathies. Dystrophia myotonica may show peripheral weakness and wasting, but the characteristic delay in muscle relaxation and the associated features of genital atrophy, baldness, cataract and sterno-mastoid weakness clearly distinguish it from motor neurone disease. In peroneal muscular atrophy the muscle wasting involving the feet and legs affects later the hands and forearms, but here is accompanied by sensory changes. Werdnig-Hoffmann's progressive spinal muscular atrophy, including the so-called amyotonia congenita of Oppenheim, are now grouped together as cases of motor neurone disease occurring in infancy and childhood (Brandt, 1950) .
The local muscle wasting of chronic joint diseases such as rheumatoid arthritis rarely causes difficulty in differential diagnosis, and the pain and parasthesixe and partial muscle wasting of the carpal tunnel syndrome, often previously misdiagnosed as due to cervical rib or thoracic inlet syndrome, is rarely confused with the weakness and wasting, without sensory loss, of progressive muscular atrophy.
Apart from clinical assessment in the differential diagnosis of motor neurone disease help may be obtained from muscle biopsy and from electrical tests, including electromyographic records. The muscle changes in neurogenic atrophy have been briefly noted above and are to be distinguished from those of the myopathies, including polymyositis. In the muscular dystrophies some muscle fibres are shrunken, others are large and swollen with loss of striation; the sarcolemmal nuclei migrate into the substance of the fragmented fibres, and fatty infiltration and connective tissue replacement are other changes which differ from those of denervated muscle. In polymyositis evidence of inflammatory changes is found, with cellular infiltration and phagocytosis. Necrosis and fragmentation of swollen muscle fibres may be severe, and alongside this evidence of concurrent muscle regeneration may also be seen.
Electrical tests of value in assessing muscle denervation include faradic-galvanic tests, the determination of rheobase and chronaxie, plotting of strength/duration curves, the muscle response to slowly rising currents, and the motor conduction velocity of nerves. The assistance which may be given by electromyogram records is referred to below.
Recent Trends
The present-day picture of motor neurone disease may be viewed from clinical, histopathological, electrophysiological and biochemical aspects. In summary, the clinical features of the disease in its various forms have been thoroughly described during these past I00 years. As emphasized by Swank and Putnam (I943) (Muller, I952; Wechsler, 1958; Alpers, 1958; Magee, I960) . In them subjective sensory symptoms are common, often early and severe and troublesome. A lumbar type of amyotrophy, distinct from myopathy, is not uncommon. In amyotrophic lateral sclerosis or classical Charcot's disease the stiffness and spasms of spasticity and the subjective sensory symptoms of trophic changes are predominant. The disease is unremitting and progresses rapidly, with a fatal outcome within three years. Uncommon cases occur in which the disease presents during life with lateral sclerosis only. These cases of spastic paraplegia progress more slowly, over a period of 5 to I0 years, before death occurs. Progressive bulbar palsy is found twice as commonly in women as in men. Three-quarters of the cases occur as an extension of pre-existing motor neurone disease, either progressive muscular atrophy or amyotrophic lateral sclerosis, onethird of these as a terminal event; 25% occur as the presenting feature of motor neurone disease, and in them the disease is rapidly progressive, death occurring within 12 months from the onset of symptoms.
Pathologically, the degenerative changes in the anterior and lateral columns of the spinal cord become progressively less severe as the condition ascends to the brain stem and brain (Davison, I941) . The disease is not confined to the motor neurones, for other tracts, afferent as well as efferent, are involved in some cases. The spinocerebellar tracts and cells of Clarke's column, and occasionally the extra-pyramidal tracts, may all show irregular changes of demyelination. The histological picture of degeneration and the later 'sprouting' of regenerating nerve fibres have been described above.
Experimentally, the important distinction between fibrillation and fasciculation, so admirably made by Denny-Brown and Pennybacker (1938) , has helped considerably in understanding further the mechanisms involved at the neuro-muscular junction. Several days after the nerve fibre dies individual muscle fibres show twitching or fibrillation, which is thought to occur from the local Fig. 4 , B).
action of persisting acetylcholine (Adams, DennyBrown and Pearson, 1953 (Lambert, Sayre and Eaton, 1954) Though clearer recognition of the varieties of the disease and better understanding of the clinical and neuro-pathological features have occurred in recent years, the underlying cause of motor neurone disease remains unknown. Inflammatory and toxic causes seem unlikely. The concept of premature ageing of the nervous system, Gower's 'abiotrophy'-like the label 'idiopathic epilepsy-was a negative idea, lacking stimulus to further research. Present-day opinion inclines to the view that motor neurone disease is due to a biochemical abnormality in the nutrition of nerve cells and fibres, whereby a disturbance is caused in the enzyme systems concerned with their metabolism.
From the biochemical aspect of the many enzyme systems involved in the metabolism of nervous tissue, acid phosphatase activity is considerable in both nerve cells and axons of nerve fibres, and disappears rapidly on division of the cell from its fibre. It is present in non-medullated as well as medullated nerve fibres. Adenosine triphosphatase (ATP) is directly involved in the energy production of muscular contraction. Cholinesterase is the enzyme responsible for the breakdown of acetyl-choline, both at the neuromuscular junction and along the surface of the nerve fibres, as depolarization occurs during nerve conduction. Pseudocholinesterases are found -mainly in the walls of blood vessels and in relation to glial cells. Anti-cholinesterases are found (choline acetylase and others) which allow persistence of action of acetyl-choline as required. There is some suggestion that the enzyme acetyl-cholinesterase may play a part in demyelination (Lumsden, I957) . mitochondria which collect at the nerve endings, is stored in synaptic vesicles, which flow from the pre-to the post-synaptic membrane on receipt of the nervous impulse (de Robertis and Bennett, 1955) . Release of acetyl-choline by cholinesterase is promoted by calcium ion, and retarded by magnesium ion. Fig. 5 illustrates an electron microscope photograph of part of a nerve ending, showing some of these features. Whittaker (I962), in a fascinating account of the structure and function of the synapse, has described the new techniques which have been developed in separating and studying the constituents and biochemical make-up of nerve endings. This increasing knowledge of the anatomy and metabolism of nerve cell, nerve fibre and synapse, as revealed by the electron microscope and by studies of the enzyme systems involved, may later advance our knowledge of motor neurone disease.
Of trace metals, no less than I4 have been found constantly in the brain and shown to play a part in cell metabolism and myelin formation. They may act as both enzyme activators and inhibitors. Copper, for instance, may play a catalytic role in the synthesis of the phospholipids of cell membrane, and therefore in myelin production (cf. 'swayback', a demyelinating disease of lambs in Australia, which results from copper deficiency in the diet). Inhibition of cytochrome oxidase, an important enzyme concerned with cellular respiration, also occurs in copper deficiency, and this, too, may affect phospho-lipid syntheses (Lumsden, 1957 This book is a review by one of the leaders in this field. Not only has she considered the technical problems of the laboratory, but she has extended her review to include many matters of importance to clinicians and pathologists, such as the mechanism of frostbite, the preservation of comeal tissue, of bone marrow and spleen cells, the prevention of gastric heemorrhage during cooling, and the revival of exsanguinated dogs; it is due largely to the work of the Mill Hill team that occasional frozen drunks are being revived and restored to this unhappy life. Perhaps the science-fiction writers are right in picturing the human passengers on interstellar voyages as being permeated. with preservative and frozen in tanks, to be revived, perhaps centuries later, and light-years elsewhere, by some automatic machine. Fig. 4, D) .
